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The nanostructured 4–8 mol% Gd2O34.5 mol% Y2O3-ZrO2 (4–8 mol% GdYSZ) coatings were developed
by the atmospheric plasma spraying technique. The microstructure and thermal properties of plasma-
sprayed 4–8 mol% GdYSZ coatings were investigated. The experimental results indicate that typical mi-
crostructure of the as-sprayed coatings were consisted of melted zones, nano-zones, splats, nano-pores,
high-volume spheroidal pores and micro-cracks. The porosity of the 4, 6 and 8 mol% GdYSZ coatings was
about 9.3%, 11.7% and 13.3%, respectively. It was observed that the addition of gadolinia to the nano-YSZ
could signiﬁcantly reduce the thermal conductivity of nano-YSZ. The thermal conductivity of GdYSZ
decreased with increasing Gd2O3 addition. And the reduction in thermal conductivity is mainly attrib-
uted to the addition of Gd2O3, which results in the increase in oxygen vacancies, lattice distortion and
porosity.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nickel base superalloy is widely applied in the hot section
metallic components of the gas turbine engines because of their
high strength and creep resistance at high temperatures [1–3].
However, nickel base superalloys do not have sufﬁcient oxidation
or corrosion resistance at high temperature. It is indispensable to
apply protective coatings on the surfaces of the superalloy parts
[4–10]. Nowadays, the traditional thermal barrier coatings(TBCs)
are frequently used in gas turbine engines to provide thermal in-
sulation to the hot section metallic components and also to protect
them from oxidation and hot corrosion. However, traditional TBCs
usually suffer premature failure during thermal and mechanical
loading, which is attributed to their poor bond strength and high
residual stresses. Therefore, the nanostructured ceramic coatings
with low thermal conductivity, high coefﬁcient of thermal ex-
pansion and excellent mechanical properties were developed [11–
13]. Nevertheless, the solid-state phase transformations and ser-
ious sintering of the nanostructured zirconia coating often occur at
high temperature. In order to improve the phase stability and
sintering resistance of nanostructured zirconia coating, the in-
vestigation on the additions of trivalent oxides in nanostructured
zirconia coating has been carried out [14,15]. Jin and coworkersy. Production and hosting by Elsev
als Research Society.showed that the addition of TiO2 in nano-YSZ could improve the
adhesion strength and thermal shock resistance of YSZ [16]. Si-
milarly, Loghman-Estarki et al. [17] found that the nanostructured
scandia (4.6 mol%) and yttria (0.4 mol%) doped zirconia (5SYSZ)
coating had higher thermal stability than 7YSZ coating. Ji et al. [18]
calculated the lattice distortion and bond population of ZrO2
doped with rare earth elements by the ﬁrst principles. The result
indicated that Gd-O had small bond population and weak bond
covalent among the rare earth oxides. It is considered that weak
crystal lattice vibration occurs due to the weak bond covalent, and
hence results in small thermal conductivity.
However, the systemic research on the thermal properties of
the nano-GdYSZ coatings is still lacking. In this work, the nanos-
tructured 4–8 mol% Gd2O34.5 mol% Y2O3-ZrO2 coatings have
been prepared by atmospheric plasma spraying technique, and the
microstructure and thermal conductivity of the coatings were
characterized. And the effect of gadolinia doping on the micro-
structure and thermal properties of YSZ coating has been
discussed.2. Experimental procedures
2.1. Preparation of nanostructured GdYSZ coatings
The commercial starting powders of nano-sized 4.5 mol%
Y2O3-ZrO2 (YSZ) and Gd2O3 were used for plasma spraying. Theier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Properties of starting powders.
Powders ZrO2–4 mol%Y2O3 Gd2O3
Particle size (nm) 20 35
Speciﬁc surface area (m2/g) 19.68 10–40
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The additions of Gd2O3 in the YSZ matrix were 4 , 6 and 8 mol%. In
consideration of the lower inertia force and bad ﬂuidity of nano
powders, the mixed powders were agglomerated to micron-sized
granules by the spray-drying technique. Then the powders were
dried at 150 °C for 1 h. Afterwards, the granules were sieved, and
the size in the range of 30–100 mm was selected for plasma
spraying.
Ni based super alloy DZ-125 was used as a substrate. The
substrates were cut into coupons of 13 mm diameter and 2 mm
thickness. Prior to plasma spraying process, in order to improve
the adherence of the coatings, these coupons were grit-blasted to
obtain a sharp-peaked surface contour with a roughness average
of 4–5 mm [13,14,19]. The powders were plasma sprayed onto the
substrates and then removed from the alloy by linear cutting. The
coatings detached from the substrate were 1 mm thick. The
plasma-spraying parameters are provided in Table 2.
2.2. Phase composition
The phases in the powder and as-sprayed coatings were iden-
tiﬁed by D/max 2200 pc X-ray diffractometer (CuKa radiation;
Rigaku, Tokyo, Japan). The samples were scanned in the range
2θ¼20–90°, at 6° per minute.
2.3. Microstructure analysis
The microstructure, coating morphology of the nanostructured
coatings were studied by S-3500 scanning electron microscope
equipped with EDS (SEM, Hitachi, Tokyo, Japan) and transmission
electron microscope (TEM).
2.4. Thermal diffusivity measurement
Thermal diffusivity of the as-sprayed GdYSZ coatings were
measured by the laser ﬂash technique (LFA427, NET-ZSCH) from
25 °C to 900 °C. Prior to the thermal diffusivity measurements, a
thin layer of graphite was coated on the coating samples for
thermal absorption of laser pulses. Three values were taken at
each temperature.
The thermal conductivity of each sample was calculated using
the following equation:
( ) ( )κ α ρ= ( )T T C 1pTable 2
Parameters of plasma-spraying.
Power (kW) 36
Current (A) 600
Voltage (V) 60
Primary gas (Ar) (slpm)a 60
Secondary gas (H2) (slpm)a 15
Carrier gas (Ar) (slpm)a 4.5
Spraying distance (mm) 80
Feed rate (g min1) 25
a splm: standard liters per min-
ute.where κ stands for thermal conductivity, α is thermal diffusivity,
Cp is heat capacity, and the density ρ of the coating was measured
using Archimedes' principle. Density was assumed to be constant
at all temperatures.3. Results and discussion
3.1. Microstructure of the agglomerated GdYSZ nano powders
Fig. 1(a), (b) and (c) shows the morphology of 4–8 mol% GdYSZ
nano powders after spray drying process. It was observed that the
agglomerated GdYSZ particles exhibited regular shape with dif-
ferent sizes ranging from 30 mm to 60 mm. After spray drying it was
possible to spray the GdYSZ nano powders. Fig. 1(d) shows a high
magniﬁcation view of “A” region in (a). The results showed that the
agglomerated particle was composed of nano GdYSZ particle with
the diameters of 30–60 nm. Fig. 2 displays the XRD pattern of the
agglomerated GdYSZ particles. According to the pattern, GdYSZ
nano powders after spray drying process consisted of metastable
tetragonal (t′) phase and Gd2O3. The peak of Gd2O3 was observed.
The result suggests that the gadolinia is not in the solid solution.
3.2. Microstructure of as-sprayed coating
The XRD patterns of as-sprayed 4–8 mol% GdYSZ coatings are
displayed in Fig. 3. The patterns indicate the absence of Gd2O3
peaks which reveals that Gd3þ was completely in solid solution
with ZrO2. In the {111} region (2θ¼27–33°) and {400} region
(2θ¼70–76°), no m and c peaks were found in the pattern for as-
sprayed coatings. In the {400} region (2θ¼70–76°), the pattern
displays double peaks, t′(004) and t′(400), which is attributed to
the t′ phase. The formation of non-equilibrium t′ phase in the 4–
8 mol% GdYSZ coatings is mainly ascribed to quenching of droplet
after impacting on the substrate during plasma spraying.
The average grain sizes of the coatings can be evaluated by
using the following Scherrer equation [20,21]:
( )θ λ θ= ( )B D2
0.9
cos 2p
where D is the average dimension of the crystallite, Bp(2θ) is the
line broadening measured at the half maximum intensity (FWHM),
λ(0.154 nm) and θ denote the wavelength of the X-rays and Bragg
diffraction angle, respectively.
According to Fig. 3, the values of 2θ¼30°was selected to cal-
culate the crystallite sizes. The estimated average grain size of the
4GdYSZ, 6GdYSZ and 8GdYSZ coatings was 4075 nm, 4375 nm
and 4675 nm, respectively.
The porosity of the 4, 6 and 8 mol% GdYSZ coatings was about
9.3%, 11.7% and 13.3% tested by Archimedes' method. It can be seen
that the porosity of the GdYSZ coatings shows the same variation
tendency as Gd2O3 doping amount. Considering that the GdYSZ
coatings are fabricated by the same process, the difference in the
porosity should be induced by different Gd2O3 doping content.
Rahaman et al. [22] found that ZrO24 mol% Gd2O3 sintered more
slowly than YSZ, which is attributed to the slow diffusion of the
larger Gd3þ ion compared to Y3þ . On the other hand, the dope of
Gd2O3 can lower the sinter ability of YSZ. Therefore, the higher
Gd2O3 doping amount is, the lower sinter ability of GdYSZ coatings
will be. The lower sinter ability of GdYSZ coatings will result in
higher porosity.
Fig. 4(a), (b) and (c) shows the fractured cross-section of as-
sprayed 4–8 mol% GdYSZ coating. As shown in the ﬁgures, the
observed cross-sectional microstructure is typical of APS nanos-
tructured coatings with melted zones, nano-zones, splats, nano-
pores, high-volume spheroidal pores and micro-cracks. Fig. 4
Fig. 1. Morphology of GdYSZ nano powders after drying process: (a) 4GdYSZ;
(b) 6GdYSZ; (c) 8GdYSZ; (d) higher magniﬁcation of “A” region in (a).
Fig. 2. XRD pattern of the GdYSZ nano powders after drying process.
Fig. 3. XRD pattern of as-sprayed GdYSZ coatings.
Y. Wang, C. Zhou / Progress in Natural Science: Materials International 26 (2016) 362–367364(d) shows higher magniﬁcation of nano zones in Fig. 4(a). It im-
plies that the GdYSZ coatings produced by air plasma spraying
consists of nanozones, which are triggered by the partially molten
or none molten portion of the initial powder. According to the
cross-section of as-sprayed 4–8 mol% GdYSZ coatings, the pro-
portions of non-molten particles exhibited in the coatings is about
3075%, 3275% and 3575% which was determined by the
scanning electron microcopy and image analysis. The proportions
of non-molten particles increases with increasing Gd2O3 doping
amount, which is also attributed to the lower sinter ability of
GdYSZ coatings.
TEM analysis was carried out to improve the explanation of
XRD results. In consideration of the same phase suggested by the
XRD patterns, 4GdYSZ was characterized by TEM as an example.
Fig. 5(a) displays the TEM micrograph and selected-area electron
diffraction (SAED) of as-sprayed 4GdYSZ coating. The results.
show that the regions of unmelted particles still exist, and the
grain size is about 40 nm, which is consistent with the result calcu-
lated by Scherrer equation. The selected area electron diffraction
pattern shows that only t′-ZrO2 exits in the as-sprayed coating. Some
unpredicted spots can also be observed, mainly contributing to larger
Fig. 4. SEM micrograph of the fractured cross-section of as-sprayed GdYSZ coat-
ings: (a) 4GdYSZ; (b) 6GdYSZ; (c) 8GdYSZ; (d) higher magniﬁcation of “A” region in
(a).
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to EDS spectra in Fig. 5(b), the distribution for Zr/Gd/Y atoms is ba-
sically uniform in any location of the GdYSZ coatings.
3.3. Thermal conductivity
The speciﬁc heat capacity of the nanostructured 4–8 mol% GdYSZ
coatings, Cp, was calculated from the speciﬁc heat capacity data of
constituent oxides according to the Neumann-Kopp law [23]. Fig. 6
shows the temperature dependence of the heat capacity of the
specimen. It can be seen that 8GdYSZ has the lowest speciﬁc heat.
Fig. 7 provides the temperature dependence of the thermal
diffusivity values of nano-YSZ and nanostructured 4–8 mol%
GdYSZ from room temperature to 900 °C. The porosity of nanos-
tructured YSZ coating is about 24% [24]. The thermal diffusivity of
all the nanostructured 4–8 mol% GdYSZ coatings is much lower
than that of nano-YSZ coating, and it decreases monotonically with
the increasing temperature.
The variation in thermal conductivity of nano-YSZ and nanos-
tructured 4–8 mol% GdYSZ coatings from room temperature to
900 °C are plotted in Fig. 8. It is notable that the thermal con-
ductivity of nanostructured 4–8 mol% GdYSZ coatings was lower
than nano-YSZ coating. The thermal conductivity of nanos-
tructured Gd-doped YSZ coatings decreased monotonically with
increasing Gd doping content. Speciﬁcally, the nanostructured
8GdYSZ coating had the lowest thermal conductivity(0.85 W/m K
at 900 °C), which is about 22% lower than that of nano-YSZ.
The inﬂuence on the thermal conductivity of the present
samples can be attributed to three factors: oxygen vacancies, lat-
tice distortion and porosity.
In the GdYSZ phases, the defect reaction to create oxygen va-
cancies caused by the doping is [25]:
+ + → + + ( )′ ′Gd O 2Zr 1/2O 2Y V 2ZrO 32 3 ZrX 2 Zr Ogg 2
Obviously, the more Gd2O3 in ZrO2, the higher concentration of
oxygen vacancies will be. The higher concentration of oxygen va-
cancies would lead to stronger phonon scattering, which could
decrease the thermal diffusivity and conductivity.
In addition, the lattice distortion can be introduced by the
difference in the cation radius when Gd3þ dissolves in the ZrO2
matrix. Based on the Debye phonon spectrum, the thermal con-
ductivity at temperatures above the Debye temperatures is in-
versely proportional to the square root of the defect phonon
scattering coefﬁcient(Г) [26]:
κ ∝ Г ( )− 41/2
For the case of cations occupying Zr4þ , the scattering coefﬁ-
cient, Г, explicitly depends on the concentration of dopant (xi), the
atomic mass of the imperfections (Mi) [27]:
⎤⎦∑Г = [( − ) ( )x M M M 5i i Zr Zr
2
The atomic masses of Zr, Y and Gd are 91.2, 88.9 and 157, re-
spectively. The atomic mass difference (| ΔM |) between the solute
(Gd) and host atom (Zr) is 65.8, while the (|ΔM |) between Y and Zr
is 2.3. Higher |ΔM | contribute to more effective phonon scattering
by Gd solute cations in nano-GdYSZ than that of nano-YSZ.
On the other hand, it is obvious from the equation that a higher
Gd2O3 doping amount(xi) leads to a higher scattering coefﬁcient
(Г). The higher scattering coefﬁcient will result in lower thermal
conductivity, which is in good agreement with the experimental
results.
In general, if detailed knowledge of the pore shape and dis-
tribution is ignored, the thermal conductivity of a porous material
can be simply described as follows [28]:
Fig. 7. The temperature dependence of the thermal diffusivity for nano YSZ [24]
and GdYSZ coatings.
Fig. 5. TEM results of 4 mol% GdYSZ coating: (a) TEM micrograph and corresponding indexed SAEDP; (b) analysis of EDS at region A.
Fig. 6. The temperature dependence of the speciﬁc heat for the GdYSZ coatings.
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Fig. 8. The temperature dependence of the thermal conductivity for nano YSZ [24]
and GdYSZ coatings.
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where κ0 is the thermal conductivity of the solid, p is porosity, X is
a value based on the shape factor of the pores.
Considering that the GdYSZ coatings are developed by the same
procedure, the value X is approximately the same for GdYSZ
coatings. It is obvious from the equation that the thermal con-
ductivity (κ) of porous GdYSZ coatings decreases with increasing
porosity, which may be caused by a higher Gd2O3 doping amount,
as has been mentioned before.
In summary, the addition of gadolinia to nano-YSZ can reduce
the thermal conductivity compared to the nano-YSZ. The thermal
conductivity of GdYSZ coatings decreases with increasing Gd2O3
addition. The reduction in thermal conductivity is mainly attrib-
uted to the addition of Gd2O3, which results in the increase in
oxygen vacancies, lattice distortion and porosity.4. Conclusions
The effect of Gd2O3 on the microstructure and thermal prop-
erties of nanostructured thermal barrier coatings fabricated by air
plasma spraying was investigated. XRD patterns and TEM image
reveal that only t′-ZrO2 exits in the as-sprayed 4–8 mol% GdYSZ
coatings. There are several main types of microstructural features
that coexist in the GdYSZ coatings: melted zones, nano-areas,
splats, nano-pores, high-volume spheroidal pores and micro-
cracks. Addition of gadolinia to nano-YSZ can signiﬁcantly reducethe thermal conductivity compared to nano-YSZ. The thermal
conductivity of GdYSZ coatings decreases with increasing Gd2O3
addition. The reduction in thermal conductivity is mainly attrib-
uted to the addition of Gd2O3, which results in the increase in
oxygen vacancies, lattice distortion and porosity.Acknowledgments
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